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Abstract

Estrogen is active both on vascular smooth muscle and endothelial cells where functionally
competent estrogen receptors have been identified. Traditionally, the actions of 17β estradiol are
ascribed to two nuclear estrogen receptors (ERs), ERα and ERβ, which function as ligand-
activated transcription factors.

Recent evidence demonstrates the presence of estrogen receptor in various cell types of the
immune system, while divergent effects of estrogens on the cytokine regulation are thought to
be implicated.

Estrogen administration promotes vasodilation in humans and in experimental animals, in part
by stimulating prostacyclin and nitric oxide synthesis, as well as by decreasing the production
of vasoconstrictor agents such as cyclooxygenase- derived products, reactive oxygen species,
angiotensin II, and endothelin-1.

In vitro, estrogen exerts a direct inhibitory effect on smooth muscle by activating potassium
efflux and by inhibiting calcium influx. In vivo, 17ß-estradiol prevents neointimal thickening
after balloon injury and also ameliorates the lesions occurring in atherosclerotic conditions.
Most recently, estriol has shown the potential to treat individuals with Th1-mediated
autoimmune illnesses, including multiple sclerosis and rheumatoid arthritis.

 This article will update the clinical effects and the role of Estrogen, in Leukocytes, in
Mitochondrial, Actions of estrogen on endothelial cells, Cytokine Function and Regulation, and
further clarify the documented advances which support the substantial therapeutic benefits of
Estrogen for Cancer and autoimmune conditions.
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1. Introduction

17β-Estradiol is commonly recognized as the predominant female sex hormone, and function in
males.1 In addition to the reproductive system, 17β-estradiol has important physiological roles
in almost every other area of the body, including the nervous, immune, vascular, muscular,
skeletal and endocrine systems. As expected, disruptions in 17β-estradiol signaling, therefore,
contribute to multiple disorders, including cancer, cardiovascular diseases, hypertension,
osteoporosis, cognitive and behavioral alterations, neurodegenerative diseases, metabolic
disorders (such as obesity and diabetes mellitus) and immune disorders (1). Our understanding
of the widespread physiological effects of 17β-estradiol is complicated by the existence of
several types of estrogen receptors (ERs) and multiple modes of cellular signaling mechanisms
that span time frames from seconds to hours, or even days (2),(3). The pathophysiological
mechanisms involving ERs are further complicated by a diverse array of 17β-estradiol-
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mimicking compounds, both synthetic and plant-derived, to which humans are increasingly
exposed (4).

Recently a membrane bound G protein-coupled receptor-30, now designated as G protein-
coupled estrogen receptor- 1(GPER), has been described as a receptor for estrogen (5). ERα and
ERβ belong to the nuclear receptor superfamily and functions as ligand activated
transcriptional factors. The classical mechanism of nuclear ER action involves ligand binding to
receptors, dimerization and binding to specific response elements of the target genes to elicit a
transcriptional response.

Estrogens can also act rapidly through nongenomicmechanisms by binding to membrane
bound ERs (1), (5). GPER is a member of the G protein-coupled receptor superfamily containing
seven transmembrane helices and mediates estrogen-dependent kinase activation as well
astranscriptional responses (5). Receptors for estrogens are present in leukocytes and perform
various functions (6). ERs are present in a variety of leukocytes like myeloid progenitor cells,
neutrophils, lymphocytes, natural killer cells, macrophages, monocytes, mast cells etc.

2. Estrogen receptors
2.1. ERα and ERβ

The first and best described 17β-estradiol receptor, now called ERα, was identified in the rat
uterus in the 1960s (7),(8). The second, less well-characterized receptor, ERβ, was identified in
the rat prostate in 1996 (9). These highly homologous receptors function as ligand-activated
nuclear transcription factors that bind cis-acting estrogen response elements in the promoter
and enhancer regions of hormonally regulated genes (10). Both ERα and ERβ, encoded by the
genes ESR1 and ESR2, respectively, are soluble receptors that can shuttle between the
cytoplasm and the nucleus, but are found predominantly in the nucleus (only ~5% of these
receptors are present in the cytoplasm).4 Highly divergent and sometimes opposing functions
for the two receptors have been reported in studies of Esr1 knockout and Esr2 knockout mice,
which lack the murine ERα and ERβ protein, respectively (11). In addition to their effects on
gene expression (that is, their genomic effects), these ERs are also associated with rapid cellular
signaling (termed non-genomic effects) that are thought to be mediated primarily by
membrane-associated forms of these receptors (12). Although multiple modes of action were
suggested for ERs as early as the 1960s (13),(14),(15), not all effects of 17β-estradiol, particularly
the rapid and membrane-associated signaling cases, antagonists of these receptors could not
block certain rapid signaling events, which led to the prediction that alternative membrane-
bound ERs also existed (16). Interestingly, most of the 17β-estradiol-mediated rapid signaling

2.1.2. GPER

A study in 2000 reported that rapid 17β-estradiol-mediated activation of extracellular signal-
regulated kinases (ERKs) was dependent on the expression of an orphan G-protein-coupled
receptor with seven transmembrane domains (17). This receptor, then known as GPR30, was
cloned by several groups in the late 1990s (18),(19),(20),(21),(22),(23). Following this initial
report, other studies described 17β-estradiol-mediated, GPR30-dependent, generation of
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cAMP(24), 24 and expression of Bcl-2, (25). nerve growth factor (26), and cyclin D2 (27).
Furthermore, other researchers described GPR30-mediated expression of c-Fos (28), and an
interaction between the effects of progestin and GPR30 expression (29),(30),(31). Two studies
published in 2005 described binding of 17β-estradiol to GPR30 in GPR30-transfected COS7 and
HEK293 cells, as well as various breast cancer cell lines (32),(33). Together, these results
suggested that GPR30 was a 17β-estradiol-binding receptor, which led to its designation as G-
protein-coupled estrogen receptor 1 (GPER) in 2007. GPER is now known to be expressed in
numerous tissues,(34), and research into its functions has substantially increased.

3. Estrogen receptor ligands
3.1. GPER unselective ligands

Natural endogenous estrogens, predominantly 17β- estradiol, are the primary ligands of ERs.
17β-estradiol is synthesized mainly in the ovaries, although it is also produced at many sites
throughout the body, including the breast, brain, adipose tissue and the arterial wall, where it
might have specialized local effects (35). The 17β-estradiol-based steroids estriol (a GPER
antagonist at high concentrations (36), estrone and estrone sulfate can also modulate biological
functions, although their specific actions are less clear than those of 17β-estradiol.(37). Plasma
concentrations of 17β-estradiol in premenopausal women are ~0.2– 1.0 nmol/l, although it
increases by many 100-fold during pregnancy. Local concentrations in specific tissues can be
much higher than the plasma values, for example in breast tissue (by 10–20-fold) (38), or in the
placenta at term (~12 μmol/l) (39). The hydrophobic nature of these steroids allows them to
diffuse passively through cell membranes and reach their intracellular targets, the ERs (40).
A large variety of natural and man-made chemicals also have estrogenic activity. Estrogenic
compounds synthesized by plants (phytoestrogens) include flavonoids, such as coumestans and
isoflavones (41). Synthetic estrogenic compounds (known as xenoestrogens, environmental
estrogens or endocrine disruptors) include many pesticides, herbicides and plastic monomers.
Their widespread use results in chronic low-level exposure to these compounds in humans (42).
Although the majority of phytoestrogens and xenoestrogens are believed to exert their
physiological effects through modulation of ERα and ERβ,(43), many of these compounds also
activate GPER, including the soy isoflavone genistein, for which serum concentrations up to 500
nmol/l have been measured;(44), nonylphenol; the pesticides dichlorodiphenyltrichloroethane
(DDT) and dichlorodiphenyldichloroethylene (DDE); bisphenols,(45),such  as  bisphenol  A
(Figure 1), which promotes testicular seminoma cell proliferation (46), the herbicide atrazine;
(47), and possibly equol, a nonsteroidal equine estrogen found in premarin48 that is formed by
human gut bacteria as a metabolite of the isoflavone, daidzein.(48).
Synthetic 17β-estradiol mimetics are also used extensively in clinical and therapeutic
applications. For example, 17α-ethynylestradiol is the predominant estrogen used in female
contraceptives. Drugs, such as tamoxifen and raloxifene, which are used in treatments for breast
cancer and osteoporosis,2 act as ER agonists in some tissues and ER antagonists in others, which
led to their designation as selective estrogen receptor modulators (SERMs) (49). By contrast,
fulvestrant is a ‘pure’ ER antagonist that causes ER degradation and/or downregulation, which
led to its designation as a selective estrogen receptor downregulator (SERD) (50). However,
some members of SERMs and SERDs can also act as GPER agonists,17,33 which complicates the
interpretation of the mechanisms of their action and the receptors involved in both
physiological and disease conditions (51).
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3.1.2. GPER-selective ligands

Research into the specific activities of GPER has been aided by the discovery of GPER-selective
agents. Since the identification of the first GPER-selective agonist G-1 in 2006, a number of
reports have examined the disease-related or health-promoting effects associated with GPER
activation. Importantly, studies using G-1 at concentrations as high as 1–10 μmol/l showed no
notable activity of this agent towards ERα in terms of activating or inhibiting rapid signaling
events,(33). estrogen response element-mediated transcription (52),(53), or ERα downregulation
(52). Furthermore, G-1 had no binding activity on 25 other G-protein-coupled receptors (54), or
in Gper knockout mice,56–58 which provided evidence that G-1 is a ligand highly selective for
GPER.
In 2009, the GPER-selective antagonist G15 was identified, (55). followed by G36, a more
selective GPER antagonist than G15, identified in 2011.(53). G15 has a similar structure to
G-1,(55). and is effective in inhibiting all G-1-mediated effects tested to date,(55),(56),(57) as well
as many 17β-estradiol-mediated effects.(55), (56),(57),(58),(59). The core structures of G-1, G15
and G36 have been used to generate several radioactively labeled agents that can be used for
imaging and potential treatment of GPER-expressing tumors in vivo (60),(61).

4. Physiology y of Estrogens

Estrogens are steroid hormones present in both men and women, but present at significantly
higher levels in women of reproductive age. There are three naturally occurring estrogens in
women: estrone (E1), E2, and E3 (62). The developing follicles in the ovaries are responsible for
producing the majority of the estrogens. There is also evidence that some estrogens are formed
by the liver, adrenal glands, muscle tissue and fat cells through conversion of C19 precursors to
C18 steroids by aromatase (63). Adipose tissue expression of aromatase increases with body
weight and increasing age, thus is of concern in in post-menopausal women.9 Synthesis of
estrogens occurs in the theca interna cells of the developing ova, and is accomplished through
conversion of androstenedione from cholesterol (64),(65). E2 can be converted to E1 and E3. E1
can be converted to E2 or E3. However, E3 is not interconvertible and hence, does not result in
an increase of either of the other two estrogens.

5. Estrogen Signaling and the Regulation of Cytokines in Immune Cells

Given the central role of estrogens in stimulating SLE disease and because cytokines are
substantially involved in the pathogenesis of SLE, we herein provide evidence elucidating the
molecular basis of the interplay between estrogen and cytokines in immune cells/organs
known to be of crucial importance in the control of the autoimmune response. Because
estrogensmediate their effects via estrogen receptors (nuclear isoforms and/or membrane
receptor), studies have focused on the detection of the above receptors in the immune cells (B
cell, T cells, dendritic/macrophages, monocytes) as well as in the immune organs (thymus) and
their possible role in autoimmunity(66). The thymus is an immune organ of prime importance
since it is well known that CD4+ and CD8+ T cell development is a result of a complex process,
starting with the migration of progenitors from bone marrow to the thymus and followed by
positive and negative selection processes that are critical for both final maturation of T cells and
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prevention of autoreactivity(67). The loss of thymus function, after ablation of a hyperplastic
thymus has been shown to contribute to the development of SLE(68). Moreover, the MRL/lpr
strain (an SLE mouse model) develops early in life autoimmune diseases characterized
by thymic atrophy(69). Firstly, Stimson and Hunter(70), demonstrated estrogen receptors in the
human thymocytes. Estrogen has been shown to lead to thymic atrophy through various
mechanisms including, among others, modulation of the production of IL-7, an important
regulator of Tlymphopoiesis (71). It is of import to bear in mind, the presence of both ERα and
ERβ is required to exert this action, while in mice it has been demonstrated that ERα
needs to be expressed in both the hematopoietic and stromal compartments of the thymus (72);
on the other hand, the achievement of a full-sized thymus requires the presence of ERα in
stromal but not in thymic cells (72). Additionally to the T cell development, estrogen has been
shown to exert important effects on T cell function through ERs which have been identified in
both CD4+ and CD8+ T cells (73),(74), in a biphasic way. As already mentioned, that SLE is
characterized by a shift from the balance between Th- 1 and Th-2 subsets to Th-2 dominance. It
is well known that low doses of estrogen promote enhanced Th-1 responses and increased cell-
mediated immunity, while high doses of estrogen lead instead to increased Th-2 responses
(75),(76). Of note, the enhancement of Th-1 responses to low-dose estrogen required the
presence of ERα, but not ERβ (75). The high estrogen levels that accompany pregnancy may
account for the stronger humoral responses and possibly contribute to the flares that some SLE
patients experience during pregnancy (77),(78). This effect of estrogens seems to be achieved
through direct alteration in the Th cytokine profile from a proinflammatory (IL-2, IFN-γ, TNF-a)
to an anti-inflammatory direction ( IL-4, IL-6, IL-10, TGF-β) (79). Indeed, E2 as well as estrone
and estriol have been shown to stimulate IL-10 in human CD4+ cells (80),(81), while their effect
on antigen-stimulated secretion of TNF-a was biphasic, with enhancement at low
concentrations and inhibition at high concentrations (80). A stimulatory effect of estriol on IL-10
production, in contrast to the inhibitory effect on TNF-a, has also been revealed by Zang and
coworkers (82).
Lambert et al (83), in agreement with previous studies (84),(85), observed a significant E2
induction of IL-4 secretion by purified CD4+ T cells, an effect mediated through ERα in a
classical ligand-dependent manner. IL-2, another cytokine important for differentiation of T cell
responses into Th-1 or Th-2 predominance, has been found to be suppressed by high
concentrations of estradiol in activated peripheral blood T cells and CD4+ T cell lines (86).
A recent and highly interesting study by Xia et al.(87), showed that estrogen replacement
therapy increased the IL- 4 while decreasing IL-2 and IFN-γ secretion by T cells isolated from
surgically induced menopausal women, an effect which seems to be mediated mainly through
ERα. An ERα-mediated regulation of IL-2 and IFN-γ secretion is also exhibited in splenic T cells
(84) Other cytokines, like IL- 12 which is a central stimulator of Th1 type cytokines(88), as well
as IL-1, are also influenced by estrogen action in T cells, with divergent results (76),(89). IL-17 is
a novel cytokine derived from T cells which has been shown to play an important role in the Th-
1/Th-2 balance(90), and has recently been implicated in the pathogenesis of SLE(91).
A recent study showed that estradiol reduces the production of IL-17 by upregulation of PD-1
(programmed death 1) expression within the Treg-cell compartment, an effect mediated
through membrane ER(92),(92). With respect to IL-6, most studies, albeit conducted in PBMC or
whole blood cultures which include multiple cellular components, demonstrated an inhibitory
effect of estrogen(93),(94). Many studies have shown that estrogens regulate the cytokine gene
expression in different cell types, via ERmediated pathways, either directly through EREs or
indirectly through interaction of ER with other transcription factors including NF-kB and AP-1.
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EREs have been recognized in the promoter of IFN-γ and IL-10 genes(95),(96). It is of note that
NF-kB response elements have also been found in the promoter of several cytokine genes like
IL-6, IL-10, TNF-a IL-1β, IL-12, and IL-2 (97),(98),(99), while there are cytokines, that can be
transcriptionally regulated through interaction of more than one transcription factor.
Indeed, IL-2 is tightly controlled by several transcription factors that bind to the IL-2 promoter;
these transcription enhancers include NFAT, NF-kB, and AP-1, while there is evidence that all
binding sites on the IL-2 promoter need to be occupied to ensure maximal transcritption and
production of IL-2(99),(100). Disturbances in the transcriptionally active proteins, including
NFAT (nuclear factor of activated T cells), members of the AP-1 (c-Fos, c- Jun), and NF-kB (c-rel,
p50, p65) families, have been shown to modulate cytokine gene expression in activated T cells
(97),(98),(99),(99),(100),(101),(102). Importantly, abnormal NF-kB signaling characterized by
decreased p65-RelA, increased c-rel and reduced NF-kB DNA binding activity, associated with
altered cytokine expression, has been recognized in T cells from SLE patients (103),(104)
,(105),(106),(107). Similarly, disturbances in AP-1-signaling associated with alterations in c-fos
protein expression and AP-1 DNA binding activity has also been demonstrated in T cells from
SLE patients (107),(108),(109). The question now arises: how the estrogen-estrogen receptor
pathway cross-react with NF-kB and/or AP-1 mediated signaling in lymphocytes to regulate
cytokine gene expression? Mechanistic studies on the direct interaction between ER and NF-
kB/AP-1 in immune cells, which is presumed important in the control of estrogen-induced
immune responses and cytokine expression, are only sparse. Zang et al. were the first to reveal
that estriol altered cytokine profile of human normal T cells through inhibition of IkBa
degradation; interestingly, this effect was specific for NF-kB and not for other transcription
factors like AP-1, and was ER-mediated, since it was partially abolished in the presence of
tamoxifen (109),(110). However, a recent study has demonstrated that E2, acting through ERβ,
could directly enhance NF-kB activity in human T cells, suggesting that estrogen actions on NF-
kB activity may depend on ER and cell subtypes (111). An enhanced transcriptional activity of
nuclear NF-kB p65 in macrophages from E2-treated mice was also observed by Calippe et
al.(112), according to their results, this enhanced NF-kB activation could be a consequence of the
reduced PI3K activity, as a result of chronic exposure to estrogens, through direct or indirect
mechanisms, a hypothesis, however, which remains to be elucidated.
Apart from T-cells, monocyte-derived dendritic cells are substantially involved in the
pathogenesis in SLE. Dysfunctional dendritic cells in human SLE have been described. In
studies describing dysfunctional dendritic cells in human SLE(113),(114), monocyte-derived
dendritic cells from lupus patients displayed an abnormal phenotype characterized by
accelerated differentiation, maturation, and secretion of proinflammatory cytokines, suggesting
that they are in a preactivated state. Interesting effects of estrogens on the function as well as
cytokine secretion by dendritic cells and monocyte/macrophage have been demonstrated.
Indeed, Douin-Echinard et al. confirmed that estrogens are required to generate optimal
numbers of fully functional dendritic cells in vitro, while they induce secretion of IL-6 and IL-12;
of note, these effects of E2 were dependent on ERα and not ERβ (115). E2 increased the B cell-
stimulating IL-10 production by monocytes(116). Moreover, estrogen can enhance release of IL-
6, TNF-a and interleukin-1 (IL-1), from human activated monocytes and/or macrophages,
through modulation of CD16 expression (117), although other pathways not involving CD16,
whether or not ER-mediated, have previously been recognized (118),(119),(120). At the same
line, E2 was found to increase TNF-a, IL-6, and TGF-β secretion by differentiated
monocyte/macrophages(121). It should be noted that in regard to TNF-a and IL-1β, the existing
literature is at present inconsistent, with E2 either enhancing or inhibiting their secretion by
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macrophages/monocytes The divergent results concerning the estrogen effect on the expression
of various cytokines would seem to be attributable to differences in the cell type, in
concentrations of E2, in type of experiment (in vivo or in vitro) as well as in duration (shortterm
vs longterm) of E2 exposure. In support of the latter, Calippe et al. (112). exhibited the fact that
chronic in vivo E2 administration promotes the expression of IL-1β, IL-6, IL-12p40 by
macrophages in response to TLR4 activation, whilst short-term in vitro exposure in E2 decreased
the expression of these inflammatory mediators. All the above data strongly suggest that
estrogens by acting via their receptors and their crosstalk with other transcription factors in
immune cells and organs can modulate immunological parameters and processes that have
been shown to be implicated in the pathogenesis of SLE.

6. Effects of estrogen

The actions of steroid hormones can bedivided into two types: those that are delayed in onset
and prolonged in duration are called “genomic” effects, and those that are rapid in onset and
short in duration are called “non-genomic” effects. The early effects take place within minutes
(e.g., changes in vasomotor tone) and are mediated by rapid intracellular signaling pathways,
whereas the delayed effects (e.g., remodeling or lipid alterations) require hours to days to occur
and require transcriptional events with subsequent modulation of protein expression. Although
the rapid and delayed effects of steroids are clearly distinguishable from each other, there are
actions that have onset time of minutes and it is not clear as to whether genomic or non-
genomic mechanisms apply.

7. Molecular Mechanisms of Estrogen Action
7.1. Nuclear Actions.

Estrogens exert their effects by activating their intracellular receptors, the estrogen receptor
alpha (ERα) and beta (ERβ) isoform, encoded by their respective genes ESR1 and ESR2
(122),(123). These receptor proteins belong to the steroid receptor superfamily (124), and possess
different sizes.Whereas ERα is comprised of 595 aminoacids, ERβ is comprised of 530 (today
known as ERβ1 long). It should be pointed out that the original human ERβ clone encoded a
protein of 485 aminoacids (today known as ERβ1 short). The ERβ1 long form is currently
regarded as the fulllength wild type ERβ (125). Their aminoacid sequences are organized as
follows: the ligand binding domain located in the carboxyterminal region of the molecules,
necessary for ligand binding; the DNA-binding domain, responsible for binding to specific
DNA sequences (the Estrogen Response Elements, EREs); and the transcriptional regulation
domain (AF-1), which is highly immunoreactive and is located in the aminoterminal part of the
molecules. ERα and ERβ exhibit high homology in their DNA binding domain (96%), low
homology (30%) in their AF-1 domain and partial homology (53%) in their ligand binding
domain. Various ERα and ERβ isoforms and splicing variants (hERβ1 long, hERβ1 short, hERβ2,
hERβ4, hERβ5, hERα-46) have been described (125),(126). ERα and ERβ mediate their effects via
regulation of transcription of target genes, directly or indirectly, liganddependently or ligand-
independently. Hereinafter, the term ER refers to both ERα and ERβ subtypes. In the absence of
hormone, ER is bound to amultiprotein complex, including heat shock proteins, which render
the receptor inactive. The ligand binding (endogenous estrogens or exogenous synthetic
estrogen analogs) induces a conformational change to the receptor, which results in the release
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of bound accessory proteins, and promotes homodimerization of ER subtypes (ERα and ERβ
may homodimerize or heterodimerize) and high affinity binding to consensus EREs
(AGGTCAnnnTGACCT) (127), located within the regulatory region of target genes (128). The
DNA bound receptors interact with many other coactivator proteins and negative coregulators/
corepressors, resulting in the stabilization of a transcription preinitiation complex and the
remodeling of chromatin and initiation of transcription by the basal transcriptional machinery
and RNA polymerase (129),(130),(131). Histone acetyltransferases (HATs) and histone
deacetylases (HDACs) are key elements for the chromatin decompaction and initiation, such
activities usually possessed by coactivator/corepressor protein complexes (130),(132),(133). ERα
and ERβ may regulate gene transcription not only via direct binding to their consensus EREs
but also by their interaction with other transcription factors such as the AP-1 (via protein-
protein interactions) and modulation of the binding of AP-1 to AP-1 binding sites onto DNA
(AP-1 responsive elements), thus regulating AP-1 depending gene transcription(134). ERα and
ERβ respond differently to certain ligands in stimulating the ERE or AP-1 pathway(135). For
example, tamoxifen is a strong agonist of AP-1 dependent transcription in certain tissues
(uterus, endometrium), promoting growth, while it acts as an antiestrogen via the classical
EREs, in breast cancer tissue (136). Similarly, estrogen receptor may interact with NF-κB (via
proteinprotein interactions), resulting in modulation of the binding of NF-κB to NF-κB binding
sites on the DNA (NF-Κb response elements), thus regulating NF-κB dependent gene
transcription. The estrogen receptor regulates NF-κB mediated gene expression in a cell-type-
specific manner and has important implications in inflammatory processes (137),(138).
Extracellular signals such as insulin, IGF-1, EGF, and TGF-β, phosphorylate ERα and ERβ (in the
AF-1 region) via the mitogen activated protein kinases (MAPKs) in the absence of ligand,
resulting in transactivation of the receptors and initiation of ERE-mediated gene
expression(139). Phosphorylation is a posttranslational modification of ERs on serine and
tyrosine residues. Cellular enzymes such as kinases and phosphatases transfer a phosphate
group from ATP onto target proteins or remove it, respectively. Estrogens as well as
extracellular signals and regulators of the general cellular phosphorylation state (e.g. protein
kinase A, protein kinase C, cyclin dependent kinases) (139), phosphorylate ERs, thus affecting
ER functions, positively or negatively, such as transcriptional activity, stability and
nucleocytoplasmic shuttling. Estradiol, cell cycle regulators, the enzymes PKA, PKC,
extracellular signals such as growth factors, cytokines and neurotransmitters phosphorylate
human ERα at serine residues in the aminoterminal A/B domain (serine-104, -106, -118, -154, -
167). Phosphorylation sites at serines in DBD, hinge region, and LBD (ser-236, -294, -305) have
also been identified. Phosphorylation at ser-118 in human ERα is considered the consensus
phosphorylation site for MAPKs and potentiates the interaction with coactivators, while
phosphorylation of tyr-537 regulates ERα ligand binding. All together, the ER-mediated
signaling cascade, that is, ligand binding, dimerization, DNA binding and interaction with
cellular cofactors, seems to be regulated by phosphorylation of ERα (summarized in(140).
Studies on ERβ phosphorylation suggest that ser-106 and ser-94 phosphorylation sites at the
A/B domain modulate subnuclear mobility of the receptor, the ERβ cellular levels, indicating
thus that these phosphorylated serine residues generate signals to the ubiquitin proteasome
pathway(141). Phosphorylation at ser-106 and ser-124 also enhance the interaction with the
coactivator SRC-1. Phosphorylation at ser-87 has been identified as a regulator of ER-dependent
gene expression and growth of breast cancer cells(142). [52]. Collectively, in the presence of
diverse physiological signals other than their cognate ligand, the ERs may be activated, this
accompanied by an increased phosphorylation state, a pathway which may be responsible for
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tissue-specific responses, especially in cases where the concentration of these extracellular
signals (e.g., growth factors) is locally increased and estrogens are too low.

8. Extranuclear Actions
8.1. Plasma Membrane ER.

Studies demonstrating that estrogens can cause effects too fast to be based on transcriptional
events led to the identification of membrane estrogen receptors responsible for non-genomic
responses. The estrogen receptor membrane form exists as a fulllength ER, as an isoform, or as a
distinct receptor(143),(144),(145). Membrane forms for both ERα and ERβ have been identified
(146). Themembrane localization of ER has been shown to be mediated by the adaptor protein
Shc and insulin-like growth factor I receptor(147), while interaction with caveolin-1 and
palmitoylation occurring on a specific cysteine (C447) ER residue also plays an important role in
this localization(147),(148).  Accumulated evidence strongly supports the importance of plasma
membrane estrogen receptors in a variety of cells. GPR30, a G protein-coupled receptor (GPCR),
binds E2 with high affinity and generates rapid effects(148),(32), including stimulating Ca2+
mobilization from intracellular stores directly or via epidermal growth factor receptor (EGFR)
transactivation, c-fos expression, adenyl cyclase, and cAMP mediated signaling and ERK-1/2 in
a variety of cell types (2).
Additional signal transduction pathways that are rapidly responsive to E2 and originate from
the membrane involve the stimulation/inhibition (being dependent on the ERα or ERβ subtype)
of phosphoinositol-3hydroxy kinase (PI3K) and the family of MAP kinases, such as
extracellularregulated kinase (ERK), p38β isoform, as well as the c-Jun N-terminal kinase (JNK)
(149). Indeed, E2 has been shown to bind the transmembrane G-protein-coupled receptor
homolog GPR30 and to activate p44/42 MAPK through transactivation of EGFR (150),(33). Of
note, the signaling from the membrane can also extend to other intracellular transcription
factors such as AP-1 or NF-kB, resulting in gene repression or activation. The non-genomic
actions of estrogens seem to be implicated in important functions such as cell growth,
proliferation, differentiation and apoptosis of various cell types (endothelial, bone, neuronal
cells, etc.). With regard to the immune system, there are studies confirming the presence of the
membrane ERα receptor in peripheral blood mononuclear cells (PBMCs), with estradiol
inducing NO release and calcium flux through binding to this receptor. It is of interest that the
presence of tamoxifen did not antagonize this effect (151), Moreover, estradiol acting in human
monocytes induced the rapid release of NO through membrane ERα and/or ERβ (151). Benten
et al. (152). confirmed the existence of membrane ER in T-cells; according to their study, binding
of estradiol to membrane ER resulted in release of NO, an effect that was not abolished by the
presence of tamoxifen.

8.1.2. Mitochondrial ER.

Accumulating evidence has demonstrated that estrogens exert substantial effects on
mitochondrial function, some of these effects being the following: (a) estrogens are potent
stabilizers of ATP production during oxidative stress, while under basal conditions they show
little effect on mitochondrial ATP production; (b) estrogens prevent Ca++ influx into
mitochondria under high excitotoxic stimulation; (c) estrogens protect mitochondria by
preventing mitochondrialmembrane potential collapse(153). More importantly, E2—regulates
the expression of mtDNAencoded respiratory chain subunits such as cytochrome oxidase
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subunits I, II, III in various cell types/tissue (154),(155),(156). Several laboratories have reported
the localization of ERα and ERβ in mitochondria in various target cells and tissues by a variety
of techniques such as immunohistochemistry, immunocytochemistry, and immunoblots using a
wide range of antibodies. A number of studies have demonstrated the presence of ERα in
mitochondria of female rat cerebral blood vessels, MCF-7 cells, HepG2 cells, and the 2C12
murine skeletal muscle cell line. Accumulating evidence supports the presence of ERβ in the
mitochondria in rabbit uterus and ovary, in MCF-7 cells, in endothelial cells, in primary
neurons, primary cardiomyocytes, murine hippocampus cell lines and human heart cells, in
human lens epithelial cells, human liver cancer HepG2 cells, osteosarcoma SaOS-
2, sperm, and periodontal ligament cells (153),(157). The localization of ERβ in mitochondria has
also been verified by proteomics. It should be noted that the wild type human ERβ (known as
ERβ1), and not the isoforms ERβ2 to ERβ5, is preferentially localized in the mitochondria
(153),(157). It is noteworthy that sequences showing partial similarity to ERE consensus
sequence have been detected in the D-Loopregion, the major regulatory region of the
mitochondrial genome (158),(159). Several lines of evidence have demonstrated that ERα and
ERβ exhibit specific binding to these mtEREs (160), while the mitochondrial ERβ in
immortalized human breast epithelial cells (contain ERβ only) has been directly associated with
E2-induced expression of mtDNA-encoded respiration chain subunits (COXI, COXII of complex
IV and ND1 of complex I) (161). Collectively, the above data support the hypothesis that the
mitochondrial genome may be a primary site of action of estrogens (158). It is important to
mention that an elevation of the mitochondrial transmembrane potential and ATP depletion has
been observed in circulating lymphocytes of patients with SLE (162),(163). Moreover, lupus T
cells overexpress genes involved in mitochondrial electron transport (164), whereas a borderline
association at nt4917 of the ND2 gene (complex I) and a significant association of the variant at
nt9055 in the ATP6 or F0F1-ATPase gene (complex V) have been demonstrated in SLE patients
(165). The above data imply that the estrogen-mitochondria crosstalk may be of importance in
the pathophysiology of SLE disease.

9. Effects of estrogen on the arterial wall

Actions of steroidal hormones on the arterial wall include alteration or modulation of ion fluxes
and of receptors on smooth muscle cells and modulation of endothelium- derived factor
production and activity. In this review we focused on the effects of estrogen on components of
endothelial and smooth muscle cells. However, it is important to keep in mind that estrogen-
induced effects depend on the vascular bed and on the animal species being considered,
indicating that there is regional and species heterogeneity in the modulatory influence of
estrogen on vasomotor function. To mentionfew examples, it has been reported that
17ßestradiol induces both endothelium-dependent and -independent relaxation in the rat aorta
but only endothelium-independent relaxation in the rat mesenteric arteries. NO contributes
strongly to the endotheliumdependent relaxation induced by 17ß-estradiol in isolated aortas,
whereas in small cerebral arteries both NO and cyclooxygenase (COX) metabolites contribute to
estrogeninduced effects. Estrogen treatment increases aortic stiffness and potentiates
endothelial vasodilator function in the hindquarters, but not in the carotid vascular bed.
Differences in the mechanisms involved in estrogen actions may reflect a differential
contribution of mechanisms involved in vascular tone regulation. Furthermore, there is

International Journal of Scientific & Engineering Research Volume 8, Issue 5, May-2017 
ISSN 2229-5518 246

IJSER © 2017 
http://www.ijser.org

IJSER



evidence that ER expression may change with pathological conditions or, inversely, that
changes in ER expression may lead to abnormal vascular function (166).

10. Actions of estrogen on endothelial cells

The endothelium plays a major role in vascular tone control by releasing both relaxing
and contractile factors and estrogens exert a number of effects on endothelialderived
factors, as summarized below. Estrogens have been shown to enhance endothelial-dependent
relaxation in arterial rings from different animals and from different vascular beds, including
coronary, mesenteric, aorta and cerebral arteries. Studies on humans have demonstrated that
estrogen replacement treatment increases coronary flow and decreases both coronary resistance
and peripheral vascular tone.

11. Nitric oxide

Earlier reports indicated that basal release of NO is increased in females compared to males
(167),(168), and that estrogen administration to ovariectomized rats restores the impaired ex vivo
basal release of NO. Effects of estradiol were also described in arteries from male animals.
Huang et al.(169), observed that 17ß-estradiol restores endothelial NO release in response to
shear stress in pressurized gracilis muscle arterioles of male spontaneously hypertensive rats
(SHR) by up-regulation of endothelial nitric oxide synthase (NOS). Conversely, it has been
reported that endothelium-dependent relaxation elicited by carbachol and histamine was
attenuated by estradiol in preparations from intact male rats. Moreover, aortic prostacyclin
release was reduced by about 40% after estradiol treatment in tissues from these animals. These
results showing that release of NO in arteries from male rats is not affected by estradiol
treatment suggest gender specificity for the vascular effects of estrogen. NO production
accounts for most of the endothelium-dependent relaxation activity, and there is extensive
evidence showing estrogen- induced up-regulation of endothelial NO production. Probable
mechanisms involved in estradiol-induced increased NO production include: 1) transcriptional
stimulation of NOS gene expression, 2) inhibition of cytokine-induced down-regulation of NOS
gene expression, 3) post-translational modification of NOS protein, 4) increased cofactor
or L-arginine availability, 5) non-genomic activation of second messengers (e.g., Ca2+, cAMP)
and tyrosine kinase, 6) translocation from the membrane to intracellular sites, and 7)
modulation of NO degrading systems (e.g., reactive oxygen radical generation and
antioxidants). Induction of constitutive (Ca2+-dependent) NOS by estrogen has been
demonstrated in a variety of tissues, consistent with the presence of estrogen-response elements
in the NOS promoter. In addition to increasing NOS production, estrogen induces rapid
enhancement of NOS activity and NO release through nontranscriptional mechanisms and by
reducing its Ca2+ dependence(170). Thiseffect seems to be much more intense and functionally
relevant than the increase in NOS expression induced by estrogen and is inhibited by the ER
antagonist ICI 182,780, indicating that the effect is mediated by ERs(171). In SHR, estrogen
deprivation (induced by ovariectomy) decreases NOS activity and expression and NO-derived
metabolites(172). Recent studies indicate that estrogen-induced activation of endothelial NOS is
driven by activation of the PI3-kinase/Akt pathway resulting from direct interactions between
the ER and the regulatory subunit of PI3- kinase (6), and requires MAPK activation(171).
Hisamoto et al.(173), observed that 17ßestradiol, but not 17 -estradiol, caused acute activation
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of endothelial NOS both in human umbilical vein endothelial cells and in simian virus 40-
transformed rat lung vascular endothelial cells. Activation of endothelial NOS involves the
activation of Akt and the phosphorylation of endothelial NOS, which is mediated by ER- via
a non-genomic mechanism. The effects of estrogen on NOS may also be associated with its
effects on caveolin-1 expression, which inhibits endothelial NOS catalytic activity. Jayachandran
et al.(174). have shown that endothelial NOS protein expression and nitrite/nitrate production
by bovine aortic endothelial cells are enhanced by 17ß-estradiol, which also stimulates caveolin-
1 transcription and translation through ER-mediated mechanisms. Similar to estrogen, the
SERM raloxifene stimulates endothelial NOS mRNA expression (genomic effects) and also
triggers rapid activation of NO synthesis by stimulating endothelial NOS (non-genomic effects)
via the PI3-kinase pathway ER signaling(175). In femoral veins, raloxifene induces acute
relaxation both by NO release and by direct stimulation of vascular smooth muscle cells
depending on the ovarian hormonal status of the animal. As we will discuss later, estrogen also
prevents NO degradation due to its antioxidant properties, consequently increasing NO
availability. The effects of estrogen on NOS activity are suggested to be important in arterial
injury. Local delivery of 17ß-estradiol during percutaneous transluminal coronary angioplasty
improved endothelial function, enhanced re-endothelialization and endothelial NOS expression
and decreased neointima formation. Recently, Tolbert et al.(176), have shown that the
vasoprotective effects of estrogen after ligation vascular injury are partially reduced in inducible
NOS knockout mice, suggesting that estrogen also modulates inducible NOS expression and
plays a role in neointima formation.

12. Inflammatory pathologies regulated by estrogen

Abnormal regulation of the immune system could lead to various complications in female
reproduction. Various autoimmune and inflammatory disorders have been reported
(177),(1),(178, 179). Estrogens have been implicated directly in diseases like arthritis,
osteoporosis, systemic lupus erythematosus, multiple sclerosis, preeclampsia, complications in
fertility, pregnancy loss, post-term labor, labor complications, cancers of breast and
reproductive tract. Estrogens also play a vital role in the pathophysiology of female
reproduction mediated by leukocytes. There are ample evidences to indicate that aberrant
inflammatory pathways are directly or indirectly regulated by estrogens, contributing to the
cause of various diseases.

13. Estrogen receptors in leukocytes

Leukocytes play a key role in several physiologically important processes like immunity,
inflammation, extracellular matrix remodeling, wound healing, cardiovascular disorders,
autoimmune diseases, menstruation, embryo implantation, cervical ripening, labor etc. They
are involved in various functions during normal as well as pathological conditions.
Estrogens act on leukocytes and influence their number and function (180).
In recent years, several investigations have focused on the action of estrogens in the immune
Update on Mechanisms of Hormone Action – Focus on Metabolism, Growth 338 and
Reproduction system and inflammation. Clinical, epidemiological and immunological studies
have shown that women are more prone to autoimmune disorders in comparison to men.
Studies have shown that the incidence of cardiovascular disease is higher in men than in
women and the incidence in women increases towards the level of men after menopause. There
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is clear sex bias in the disease presentation. Estrogens have been suggested to be responsible for
these differences (177),(181),(182). These diseases are often associated with leukocyte infiltration
and immune dysfunction. It has been hypothesized that estrogens alter the course of these
disorders by modulating leukocyte function in various tissues. Although the exact mechanism
by which estrogens modulates the immune cell function is not completely understood, these
observations clearly show that leukocytes are estrogen targets.

13.1. Neutrophils

Neutrophils are the most abundant type of leukocytes and form an essential part of the immune
system. Klebanoff demonstrated that estrogens specifically bind to neutrophils using ligand
binding experiments(183). It was further shown that estrogens influence the neutrophil count
and women have a higher neutrophil count than men(184).  In women, the neutrophil number
varies during the menstrual cycle(185),(186).  Higher levels of neutrophil counts correlate to the
elevated levels of estradiol in peripheral blood(187). Recent studies showed that ERs are present
in neutrophils and execute various direct or indirect functions. It was shown that
polymorphonuclear cells express both ERα and ERβ and their various splice variants(188),(189).
Molero et al, demonstrated that estradiol up-regulated both ERα and ERβ in women but only
ERα in men (188). The functional signaling of ERs in neutrophils was further established by the
induction of nNOS by estradiol(190). Further, estradiol and ER specific agonists regulated
physiologically relevant genes in polymorphonuclear cells in rats(189).  Recently, we have
identified the presence of GPER in terminally differentiated neutrophil like HL-60 cells. The
GPER agonist G1 could stimulate a transcriptional response indicating that GPER is
functionally active in these cells (Blesson and Sahlin, unpublished). Neutrophils have a very
short life span and they stay in circulation for 6 to 18 hours before undergoing apoptosis.
Estradiol along with progesterone increases neutrophil survival by delaying apoptosis via
decreasing the activities of caspases 3 and 9(191). Estrogens may also have a vital role in the
regulation of genes that are associated with the immune and inflammatory response, like
chemokines and cytokines. These genes are responsible for neutrophil recruitment and
activation during normal as well as pathological conditions(178),(179).

13.2. Lymphocytes

Lymphocytes express nuclear as well as membrane estrogen receptors. Studies on human
peripheral blood lymphocytes showed the presence of ERα and ERβ in various lymphocyte
subsets including natural killer (NK) cells (192). A smaller variant of ERα and ERβ 46 appears to
be the most abundant isoform of ERs in lymphocytes. This variant was localized to the cell
surface and mediates estrogen induced proliferation of T lymphocytes and NK cells but not B
lymphocytes Estrogen Receptors in Leukocytes - Possible Impact on Inflammatory Processes in
the Female Reproductive System 339 2010). ER is expressed predominantly in secondary
lymphoid tissues and plays an important role in the peripheral immune system(193). Both ERα
and ERβ are expressed in the NK cells of mice and humans (192). In mice, estrogens act via ER
to suppress NK cell activity by altering their ability to lyse target cells Estradiol induces the
proliferation of splenic NK cells and suppresses the cytotoxicity of these cells (194). However, in
vitro studies on murine NK cells showed that estradiol reduces NK cell proliferative capacity
and reduces cytotoxicity by influencing cytokine expressions(195). In humans, the number of
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NK cells was significantly altered during the different phases of menstrual cycle. The NK cell
population in the phase when the estrogen level is high was twice that in other phases
indicating a positive effect on its number (196). The ER1 variant could be localized to uterine
NK (uNK) cells (197). Hence, estrogens could act directly on uNK cells via the ER1 receptor.

14. Conclusion

Estrogen is active both in vascular smooth muscle and endothelial cells and may exert its
cardiovascular protective actions by a direct effect on the vessel wall. Clinical and animal
studies have demonstrated the beneficial effects of estrogen on the vascular system. Estrogens
act through ERs and regulate various aspects of the immune system directly or indirectly acting
through various downstream mediators. ERs have been found on diverse types of leukocytes.
Estrogens act directly via its different receptors and regulate various inflammatory functions
mediated through different types of leukocytes. Estrogens are also able to regulate the number,
migration and function of leukocytes involving complex mechanisms. Considering the recent
findings of the function of estrogens in various aspects of immune regulation and inflammation,
it is difficult to consider estrogens just as a ‘female reproductive hormone’ anymore. The role of
estrogens in various inflammatory processes and its significance is well accepted. GPER-
selective agents that mimic the beneficial effects of 17β-estradiol without its associated
feminizing or other adverse effects could represent an important new family of drugs.
In addition, GPER-specific antagonists could be developed as important additions to the
armamentarium of drugs used to treat estrogen-sensitive cancers and other diseases in which
estrogen signaling is important. In this regard, the potential contribution of GPER-mediated
signaling to the effects of existing clinically approved drugs, such as tamoxifen and fulvestrant,
must be considered. GPER-mediated effects should also be taken into account in the future
development of SERMs and SERDs. Possible correlations of ER gene polymorphisms and of
quantitative and qualitative changes in the receptor proteins to cytokine production and to
disease aetiopathogenesis have also been reported. Recent evidence indicates a role of estrogens
in mitochondrial function in immune cells along with cytokine regulation, while the existence of
mitochondrial ER in human cells has been associated with stimulation of mitochondrial
encoded enzymes. The above data, together with the recent findings that SLE patients are
characterized by mitochondrial dysfunction, suggest that novel pathways of the estrogen- ER
complex in mitochondria in immune cells may play a key role in SLE. Therefore, Insights into
the function and regulation of ERs in leukocytes could open up new possibilities for treatments
for various diseases involving inflammation. Furthermore, the beneficial clinical effects of
estrogen need to be confirmed in large and multicenter randomized clinical trials
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